Using immunoelectron microscopy, the distribution of influenza A virus neuraminidase (NA) glycoproteins was examined, after performing immunoreactions to virions on the grid. With polyclonal antibody, the immunolabels of the glycoproteins were found to be homogeneously distributed, whereas with monoclonal antibody they were found to be distributed in clusters. After destruction of haemagglutinin (HA) but not of NA activity with a high concentration of trypsin, the remaining visible spikes were evenly distributed. This finding was consistent with the absence of immunolabelling with anti-HA antibody, and the homogeneous pattern of immunolabels with anti-NA polyclonal antibody, but not with the clustered labelling with the anti-NA monoclonal antibody. Thus, the immunolabelling image with anti-NA polyclonal antibody was considered to reflect the true one.
Introduction
Information on the distribution of virion glycoproteins is important for understanding the virion architecture and also the topography of envelope-associated activities. The influenza virion has two glycoproteins on its surface, haemagglutinin (HA) and neuraminidase (NA) (Lamb & Choppin, 1976) . HA spikes (trimers) were reported to be 700 to 1000 in number (Tiffany & Blough, 1970; Taylor et al., 1987) and distributed homogeneously (Murti & Webster, 1986) . NA spikes (tetramers) were calculated to be 300 in number (Taylor et al., 1987) and their distribution has been inconsistently reported: in an electron microscopic study, Erickson & Kilbourne (1961) found that after influenza virion HAs had been disrupted by trypsin treatment, the remaining spikes with high NA activity were evenly distributed. In contrast, in immunoelectron microscopy with monoclonal antibody (MAb), Murti & Webster (1986) found that the immunolabels of NA glycoproteins were distributed in clusters. We used a combination of both procedures, that is immunoelectron microscopy of untreated and trypsinized virions with polyclonal antibodies (PAbs) and MAbs, respectively, to determine the distribution of NA proteins on the virion surface. Similar results were obtained when we tested influenza virions of the N1 and N2 subtypes.
Methods
Viruses. Influenza viruses PR8/34 (H1N1), Aichi/2/68 (H3N2), and reassortants X7 (HIN2) (Laver & Kilboume, 1966) and 625III10 (H3N1) were used. The X7 and 62511110 strains were gifts from Dr K. Nakajima (Institute of Medical Sciences, Tokyo University, Tokyo, Japan) and Dr P. Palese (Mt Sinai School of Medicine, N.Y., U.S.A.), respectively. The viruses were grown in the chorioallantoic cavity of 10-day-old chick embryos at 35 °C for 2 days. Infected allantoic fluids were centrifuged to remove cell debris, and then ultracentrifuged at 25000 r.p.m, for 30 min. The pelleted viruses were further purified by sucrose density gradient centrifugation as described previously (Hernandez et al., 1987) . In later experiments, omission of this purification step was found not to affect the results, and pelleted virus was resuspended directly in Tris-buffered saline (TBS; 150 mM-NaC1 and 50 mM-Tris-HCI pH 7.6) was used.
Antibodies. The sources of anti-HA and anti-NA PAb and MAb used in this study are shown in Table 1 . All the anti-N1 MAbs are IgG1 and the anti-HI MAb is IgG2a.
Ten nm colloidal gold-conjugated anti-mouse IgG/goat IgG or antirabbit IgG/goat IgG, and 5 nm gold-conjugated anti-goat IgG/rabbit IgG were purchased from Janssen.
Determination of HA titre. HA titres were expressed as reciprocals of the highest twofold serial dilution of a virus sample giving a positive HA.
Determination of NA activity. NA activity was determined by AminotFs method (1961) with fetuin as the substrate.
Trypsin treatment of virions. The method used was essentially as described by Erickson & Kilbourne (1980) . Influenza virions (20000 HA units/0-5 mi) were treated with an equal volume of trypsin (1.0 mg/ml) at 37 °C. The reaction was terminated at various times by the addition of an equal volume of soybean inhibitor ( 1 mg/ml) (Erickson & Kilbourne, 1980) for the determination of remaining HA and NA activities. Virions that had been trypsinized for 1 h, pelleted and resuspended were used for immunoelectron microscopy.
SDS-PAGE.
Electrophoresis on a 12% polyacrylamide slab gel was done with prestained standards (low range) (Bio-Rad) as M r markers. The separated proteins were stained with Coomassie blue R250. lmmunoelectron microscopy. A collodion film was prepared on 250-or 400-mesh grids (Veco), and made hydrophilic by ion bombardment. A drop of virus suspension was mounted, fixed or unfixed on the film, and treated with TBS containing 3% gelatin to block non-specific immunoreactions; the immunoreactions were carried out by the method described by Murti & Webster (1986) and Hernandez et al. (1987) . In most cases 30-fold dilutions of both antiviral antibodies and gold-conjugated compatible immunomarkers were used, and immunoreactions were performed at 20 °C. After the final immunoreaction, the immunocomplexes on the films were washed for several hours, stained with 0.2% uranyl acetate and observed in an electron microscope (Hitachi H-600). As we found that fixation of virions did not affect immunoreactions appreciably, we used mainly unfixed virions.
Results

Confirmation of antibody specificity by immunoelectron microscopy
We examined the specificities of the antibodies by immunoelectron microscopy (data not shown). Immunogold labellings were observed only with the corresponding compatible viruses or reassortants, which confirmed the specificities of the antibodies used. Although the anti-N2 MAb used was prepared against an 1987 epidemic strain, it was found to have a reactivity against a wide range of N2 strains, Aichi/68 (H3N2) and X7, the NA of which was derived from RI/5÷/57 (H2N2) (Laver & Kilbourne, 1966) , but not against the N 1 strain (PR8) (data not shown). The anti-N2 PAb also showed a broad reactivity to N2 strains (data not shown).
The specificity could not be tested by SDS gel electrophoresis, because the separation of NA and nucleoprotein (NP) was unsatisfactory. Fig. 1 (a) , (b) and (c) are immunoelectron micrographs of PR8 virions treated with anti-H1 PAb and MAb, and of X7 virions treated with anti-H 1 MAb, respectively. In all cases, virions with a roughly homogeneous distribution of gold particles are predominantly seen, although some with a clustered distribution are also observed. Particles of each type were counted and the results are shown in Table 2 . 
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of virus trypsinization on the HA and NA activities. The HA activities of PR8 and X7 virions were rapidly inactivated, whereas the NA activities remained unchanged. Gel electrophoresis patterns (Fig. 4) demonstrate that the HA1 protein (56K) of PR8 and X7 virions was hydrolysed to proteins of lower Mr (less than 40K), whereas HA2 was not changed. Thus, trypsin treatment seemed likely to have destroyed the distal end (approximately 20K) of HA1, containing the receptor-binding part, and to have caused the loss of HA activity. We did not obtain any evidence for degradation of the NA molecule during the treatment. (Table 2 ) confirmed the observation.
Effect of trypsin treatment on virus HA
Next we investigated the HA and NA properties of trypsinized PR8 and X7 virions. Fig. 3 shows the effects ( f ) represent those of trypsinized X7 similarly treated except that the anti-N2 antibody rather than anti-N1 was used. Almost no immunolabelling was observed with the anti-H1 MAb (Fig. 6a, d) , or with the anti-H1 PAb (data not shown). Together with the destruction of the HA1 protein (Fig. 4) and HA activity (Fig. 3) , we considered that the remaining visible spikes of 10 nm length (Fig.  5 d) and having a uniform arrangement were NA spikes. This was confirmed by immunolabelling with anti-N 1 or anti-N2 antibodies (Fig. 5b , c, e and f). Again with the anti-NA PAb, gold particles were generally uniformly distributed (Fig. 5b, e) , 10% in clusters (10/155)for PR8, and 33% (30/90) for X7, whereas with anti-NA MAb they appeared in clusters (Fig. 5c, f ) : 100% clusters (25/25) for PR8, and 100% (24/24) for X7. Thus the homogeneous labelling pattern with PAb is considered to reflect the true image of NA distribution.
Immunoelectron microscopy of trypsinized virions
Immunolabelling of NA proteins with mixtures of MAbs
Generally immunolabelling of influenza virions was less with MAb than with PAb. To investigate the possibility that less immunolabelling might lead to the cluster formations of immunogold particles, we examined the effects of antibody dose on the clustering of immunogold labels. The cluster formation was found on treatment with a wide range of MAb doses (5 to 50-fold dilution), and immunogold numbers were invariably less than those with the anti-NA PAb. However with small doses of PAbs, the number of clusters of immunogold complexes was relatively small (data not shown). We then tried to reconstruct the homogeneous pattern of immunolabelling with PAb by using mixtures of MAbs. 
Discussion
The present study suggested that the homogeneous distribution of immunolabelled influenza virus NA proteins with anti-NA PAb reflected the true distribution of this protein: trypsinized virions with an apparently homogeneous distribution of spikes reacted with anti-NA but not with anti-HA, and furthermore this pattern was consistent with immunolabelling by PAb but not by MAb. The lack of polarity in the HA and NA protein (spikes) distributions suggested that influenza virions can attach to and enter cells via any site on the envelope, and probably mature by budding from uniformly desialylated cell surfaces.
Although numerous reports have been concerned with quantification of antibodies bound to protease-detached HA or NA, or free HA or NA spikes of influenza virus (Jackson et al., 1991 ; Poumbourios et al., 1990; Tulloch et al., 1986; Wrigley et al., 1977 Wrigley et al., , 1983 , only one described antibody bound to the virion surface glycoproteins (Taylor et al., 1987) : in the presence of excess anti-HA MAb or PAb, on average, one IgG molecule bound per HA spike (1000 IgG/1000 HA spike/one virion). If this result is assumed to apply to NA spikes, an average of one molecule of MAb or of PAb would bind to an NA spike on the virion surface, it seems likely that a relatively uniform network of second Ab-first MAb-the same epitopes of NAs would migrate in the viral envelopes according to the fluid mosaic model (de Petris, 1977; Singer & Nicolson, 1972) .
